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TECHNICAL NOTE 2070 

KNOCK-LIMITED PERFORMANCE OF FUEL BLEN DS 
CONTAINING ETHERS 

By I. L. Drell and J. R. Branstetter 


SUMMARY 

Knock ratings are given for 23 ethers, each blended -with base 
fuels. A.S.T.M. Aviation, A.S.T.M. Supercharge, aircraft single- 
cylinder, and 17.6 engine ratings are presented. Fuel consump- 
tion, blending characteristics, temperature sensitivity, ymfl lead 
susceptibility are also briefly discussed. 

Methyl tert -butyl ether appeared to have the best over-all 
antiknock effectiveness, considering all blend compositions anrl 
engine conditions investigated. In general, tert-butyl alkyl 
ethers gave the highest blend knock ratings, followed by aromatic 
alkyl ethers; ethers with olefinic, cycloparaff inic, and ortho- 
aromatic groups gave the lowest ratings. 


INTRODUCTION 

-A general investigation of the antiknock value of selected 
compounds as blending agents for aviation fuels has been in pro- 
gress at the NACA Lewis laboratory (references 1 to 18). An 
engine study of 23 ethers, each blended with base fuels, is 
reported herein. 

The low knock limit of "ether" (diethyl ether) has long been 
known. Knock studies about two decades ago by Lovell, Campbell, 
and Boyd included di-n-propyl ether, di-n-butyl ether, diisobutyl 
ether, and ethyl n-butyl ether, in addition to diethyl ether. All 
gave low blending values (Kettering, reference 19). Over a decade 
ago, diisopropyl ether was reported to have a high knock rating 
(reference 20); practical interest was aroused and further st udi es 
were made of diisopropyl ether (reference 21 and unpublished 
reports) . Ethyl tert -butyl ether was reported to have an even 
higher rating (reference 22). Motor-method blending values for 
14 branched- paraffin ethers are given in reference 23. 
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During World War II, more knock studies (unpublished) of 
branched-paraff in ethers, particularly methyl tert -butyl ether, 
were made by United States industrial and military organizations; 
a German investigation of tert -butyl ethers was recently published 
(reference 24) . Ether data obtained by the HACA are presented in 
references 1, 6, and 14-18. The current knock-testing program of 
the American Petroleum Institute has also included some ethers. 
Although ethers have lower heating values than hydrocarbons, the 
possibility remains that small- concentrations of ethers in aviation 
fuels might be used with little increase in fuel consumption. 

The MCA therefore undertook a systematic program of research 
on ethers that had not been previously investigated or that were 
considered worthy of further investigation. Blend knock ratings 
for some aromatic, olefinic, and cycloparaff inic ethers, for which 
no values are given in the literature, were determined at the MCA 
Lewis laboratory during 1945-1946 and are reported herein. Com- 
parable data were also determined for blends containing methyl tert- 
butyl ether and other ethers for which few or no A.S.T.M. Aviation 
and A.S.T.M. Supercharge data exist. 

Six of the ethers were more fully evaluated than the others; 
various blend compositions and engine conditions were used. Infor- 
mation is presented on knock- limited power, fuel consumption, 
blending characteristics, fuel-air-mixture response, temperature 
sensitivity, and lead susceptibility. 


FUELS 

Ethers: preparation, properties, and purity. - Synthesis and 

purification methods are described in reference 25. Table I lists 
the 23 ethers with structural formulas, heating values, stoichi- 
ometric fuel-air ratios, and physical constants of the engine 
samples. The first six ethers in the table were prepared in 
10-gallon quantities and the others, in 1- liter quantities. 

The purity of the engine samples was estimated at 99+ percent 
in most cases; at least 95-percent purity was attained in all cases 
except that of methyl cyclopropyl ether (number 20), which was the 
least pure of the 23 compounds. 

A few ethers that form peroxides very rapidly were redistilled 
before the engine evaluation. The others were inhibited (0.0002 lb 
g- sec -butyl-p-aminophenol/gal) soon after preparation. Peroxide 
determinations on blends of the first six ethers were negative 
before and after the engine study. 
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Blends: composition and tests. - The first six ethers were 

blended to concentrations of 10, 25, and 50 percent by volume -with 
a mixed base fuel consisting of 87.5 percent S reference fuel and 
12.5 percent n-heptane; all components were leaded to 4 ml TEL per 
gallon. These blends were studied in the A.S.T.M. Aviation, 

A.S.T.M. Supercharge, and 17.6 engines; the 10-percent blends were 
also mm in a full-scale cylinder (reference 6). 

The first six ethers were also blended to concentrations of 
10 and 20 percent by volume with S reference fuel. These blends 
were evaluated with both 0 and 4 ml TEL per gallon in the A.S.T.M. 
Aviation and 17.6 engines. 

The other 17 ethers were blended to 25 percent by volume with 
the mixed base fuel plus 4 ml TEL per gallon in final blends and 
were rated in the A.S.T.M. Aviation and A.S.T.M. Supercharge engines 
only. 


All the S reference fuel (essentially isooctane) used for this 
investigation was S-4. 


ENGINES 

Apparatus and procedure. - The apparatus and the operating 
conditions for the A.S.T.M. Aviation, A.S.T.M. Supercharge, and 
supercharged 17.6 engines are described in references 7 and 8. 
References 4 and 6 describe apparatus and operating conditions for 
the full-scale air-cooled R- 1820 G200 cylinder. The references 
use the CRC designations of F-3 and F-4 for A.S.T.M. Aviation and 
A.S.T.M. Supercharge, respectively. 

In the A.S.T.M. Supercharge, 17.6, and the full-scale cylinder, 
an incipient-knock level was used, which was detected by a magneto- 
striction internal pickup and a cathode-ray oscilloscope. The 
17.6 and full-scale cylinder were each operated at two sets of con- 
ditions, which are given .in the data tables. 

Severity of engine conditions. - In order to simplify the com- 
parison of fuels, the engine conditions and the fuel-air ratios of 
this investigation were assigned various degrees of relative sever- 
ity (fig. l) . These estimates of engine severity are based on com- 
parisons of the relative order of knock ratings under these engine 
conditions for fuels of widely differing sensitivity; in passing 
from mild to severe conditions, the more sensitive fuels depreciate 
performancewise relative to less sensitive fuels. (See also ref- 
erence 2 . ) 
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The use of a one-dimensional scale for engine severity is 
"believed to be a considerable oversimplification of the actual sit- 
uation. The inclusion of fuel-air ratio, on the assumption that it 
is primarily a temperature effect, is also of questionable validity, 
nevertheless, if the roughness of the approximations is kept in 
mind, the concept of severity can be useful. 

Precision of data, - Data for the fuel-air mixture-response 
curves for all blend concentrations of each ether -with a given 
base fuel at given engine conditions were usually obtained on a 
single day; this procedure was followed in order to minimize effects 
of day-to-day variations in engine performance on the blending- 
characteristic data. 

The 17.6 engine temperature-sensitivity and lead-susceptibility 
values each involve comparison of a given blend and base fuel at 
two conditions: at two inlet-air temperatures, or with and without 

lead. It was not feasible, however, to obtain data at both condi- 
tions on the same day except in a few cases; the precision of the 
temperature-sensitivity and lead-susceptibility values is therefore 
probably not so good as that of the blend data. 

Base-fuel reproducibility is a rough index of the precision of 
the blend data. In the A.S.T.M. Supercharge engine, mixture- 
response curves were run eleven times on the mixed base fuel and 
eight times on S reference fuel plus 4 ml TEL per gallon. The fol- 
lowing reproducibility was obtained: 



Fuel-air ratio 

0.065 

0.07 

0.085 

0.10 

0.11 

imep of 

mixed base fuel 



Average imep (lb/sq in.) 

106 

123 

155 

169 

171 

Average deviation (percent) 

8 

4 

2 

1 

1 

Maximum deviation (percent) 

16 

12 

5 

4 

5 

imep of S reference fuel + 4 ml TEL 

Average imep (lb/sq in.) 

145 

167 

209 

232 

237 

Average deviation (percent) 

3 

1 

1 

1 

1 

Maximum deviation (percent) 

9 

3 

2 

3 

4 

imep of S reference fuel + 4 ml TEL 


imep of mixed base fuel 



Average imep ratio 

1.41 

' 1.37 

1.34 

1.37 

1.38 

Average deviation (percent) 

6 

4 

2 

1 

1 

Maximum deviation (percent) 

12 

8 

4 

2 

2 
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The two values of indicated mean effective pressure (imep) used in 
computing each imep ratio in this table were obtained in a single 
day. At rich fuel-air ratios (0.10 and 0.11), imep ratios were 
more reproducible- than the imep values; at lean fuel-air ratios in 
the A.S.T.M. Supercharge engine, however, the imep ratios seemed 
to be of little advantage. 

In the 17.6 engine, three base fuels were each run six times 
at each of two inlet-air temperatures; an analysis at five fuel- 
air ratios showed ’that the average of all imep deviations was 
2 percent and that the maximum was 6 percent. 


RESULTS 

A.S.T.M. Aviation Engine Data 

Ratings in the A.S.T.M. Aviation engine for blends with the 
mixed base fuel are given in table II. The 25-percent blend 
ratings, which cover all 23 compounds, are also shown in figure 2 
as a bar chart. For comparison, figure 2 includes values for 
corresponding blends of isooctane, n-heptane, and various high- 
performance hydrocarbons; some of these values were estimated and 
others have been corrected for slight differences in base fuel, 
as explained in the appendix. The tert -butyl alkyl ether blends 
(numbers 1 to 3) were outstanding under the severe A.S.T.M. Avia- 
tion conditions; these blends gave higher ratings than corre- 
sponding triptane blends. 

Blending characteristics in the A.S.T.M. Aviation engine for 
the first six ethers are shown in figure 3. The first additions 
of the three tert -butyl alkyl ethers to the mixed base fuel gave 
larger increases in A.S.T.M. Aviation rating than did further 
additions. Ten-percent additions of the three aromatic ethers 
had little effect, but further additions caused a fairly regular 
drop in rating. The mixed base fuel had a fairly high A.S.T.M. 
Aviation rating to start with, 120 performance number. 

Ratings in the A.S.T.M. Aviation engine for blends with 
S reference fuel are given in table III; the ratings are in about 
the same order as for blends with the mixed base fuel. Corre- 
sponding triptane blends (reference 26) had ratings approximately 
equal to the methyl tert -butyl ether blends; both were about equal 
to S reference fuel. Table III also defines and gives values of 
relative lead susceptibility in the A.S.T.M. Aviation engine for 
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■blends with S reference fuel. Relative lead susceptibility for 
the 10- and 20-percent tert-butyl alkyl ether blends was about the 
same as that for S reference fuel; it was lower for the aromatic 
ether blends, particularly at the 20-percent concentration. 


A.S.T.M. Supercharge Engine lata 

Knock- limited power and mixture response. - Euel-air mixture- 
response curves from the A.S.T.M. Supercharge, engine are shown in 
figures 4 and 5. Each page of these figures gives results of a 
day's running. Two paraffin reference fuels are included: (1) the 

base fuel (87.5 percent S in n-heptane, plus 4 ml TEL per gallon), 
and (2) 100 percent S reference fuel plus 4 ml TEL per gallon. 

(Fuel flows for the data of fig’s. 5(a), (b), and (c) were measured 
with a rotameter instead of the usual weighing system. Some fuel- 
air ratios in these f igures may be in error by as much as 10 percent 
at the lean end of the curves.) 

Rich ratings in terms of percentage leaded S reference fuel in 
leaded n-heptane, derived from figures 4. and 5, are included in • 
table II. The ratings were obtained from reciprocal imep plots 
and were converted to performance numbers, as described in refer- 
ence 11. The 25-percent blend ratings, covering all the compounds, 
are also shown in bar-chart form (fig. 2). Under A.S.T.M. Super- 
charge rich conditions, methyl tert -butyl ether gave a considerably 
higher blend rating than the other ethers; only the best aromatic 
hydrocarbons of references 7 to 12 equaled it. 

Table IT gives A.S.T.M. Supercharge engine imep ratios of 
blend relative to base fuel; they are given at five fuel-air ratios 
and at five percentage -of- stoichiometric-mixture values corre- 
sponding to the same five fuel-air ratios for the base fuel. The 
effect on knock- limited power of the higher stoichiometric fuel- 
air ratios for ether blends can thus be evaluated. Indicated 
specific fuel consumption (isfc) is, of course, affected at the 
same time. 

Fuel consumption. - The ether blends generally had lower isfc 
values (in Ib/hp-hr) than the paraffin reference fuels at fuel-air 
ratios richer than approximately 0.08; they had higher isfc values 
than the paraffins at fuel-air ratios less than about 0.08. The 
differences increased with greater ether concentration. (See 
figs. 4 and 5. ) 
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The isfc values in the A.S.T.M. Supercharge engine are com- 
pared in figure 6 at constant percentage of stoichiometric mixture 
instead of the customary fuel-air weight basis . In pounds per 
horsepower-hour (fig. 6(a)), the isfc values of the 50-percent 
ether blends were higher than the base-fuel paraffins at all mix- 
ture ratios. In gallons per horsepower-hour (fig. 6(b)), isfc val- 
ues for the 50-percent blends containing the three tert-butyl 
alkyl ethers were still somewhat higher than those for the par- 
affins; but for the 50-percent blends containing the aromatic 
alkyl ethers, the values were somewhat lower than for the paraf- 
fins. (The 50-percent blends were chosen to illustrate these 
points because they show larger effects than small concentrations; 
for small concentrations the effects are often of the order of the 
experimental error, but they are expected to be roughly proportional 
to the concentration. ) In a volume-limited system, the high den- 
sities of the aromatic alkyl ethers tend to compensate for their 
low heating value. 

Blending characteristics. - Eich A.S.T.M. Supercharge blend- 
ing curves in terms of performance numbers are included in fig- 
ure 3. The curves were determined at constant fuel-air ratio, 
which means a higher percentage rich for the paraffin reference 
fuels than for the ether blends. It is mainly for this reason 
that the curves show some drop at the higher concentrations of 
aromatic ethers; peak values occur at about 25 or 30 percent. The 
tert -butyl alkyl ethers, because of lower stoichiometric fuel-air 
ratios (and lower sensitivity relative to the aromatic ethers), are 
little affected; they exhibit nearly linear blending curves up to 
50 percent. 

The difference in shape of the blending curves when blend and 
reference base fuel are at the same percentage rich is shown in 
figure 7. The blending curves at a fuel-air ratio of 0.11 using 
imep ratio (fig. 7) have about the same shape as the curves using 
performance number (fig. 3), as expected. But when blend and base 
fuel ahe at the same percentage rich, corresponding to the base 
fuel-air ratio of 0.11, the curves for all six ethers have a sim- 
ilar shape — namely, rising more rapidly as concentration is 
increased up to 50 percent. At lean fuel-air ratios such as 0.07, 
the blending curves of the aromatic ethers fell off at the high con- 
centrations no matter how compared; this effect can then be 
ascribed only to high sensitivity of the aromatic-ether content 
to the more severe conditions. Bo simple blending relation gen- 
erally applicable to ether blends under all these conditions (such 
as is advanced for paraffins and other compounds in references 27 
to 30) is immediately apparent from the shape of the curves in fig- 
ures 3 and 7. 
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Full-Seale-Cylinder Data 

Full-scale-cylinder imep ratios, derived from reference 6, 
for six ethers in 10-percent blends with the mixed base fuel at 
two sets of engine conditions are presented in table 7. Methyl 
tert -butyl ether generally had the highest 10-percent-blend knock 
limit of the six ethers at all full-scale conditions. The ethyl 
and isopropyl tert-butyl ether blends were practically equal to 
the methyl tert -butyl ether blend at 250° F lean conditions; at 
less severe conditions, however, they had lower knock limits than 
the methyl tert -butyl ether blend. 

The blend containing n-methylanisole showed high fuel-air- 
mixture response and engine sensitivity. At the most severe con- 
ditions, the values of imep ratio for this blend were close to 
the low values of the other two aromatic ethers; at the 250° F 
rich and 210° F lean conditions, p-methylanisole equaled or stir- 
passed ethyl and isopropyl tert- butyl ethers; at very high fuel- 
air ratios, it became equal to methyl tert-butyl ether. 


17.6 Engine Data 

Table 71 gives 17.6 engine imep ratios derived from the 
mixture-response curves of figure 8 for 10- , 25-, and 50-percent 
blends of the first six ethers with the mixed base fuel at two 
inlet-air temperatures. Some of the data of table 71 are shown 
in figure 9 as blending-characteristic plots of imep ratio against 
percentage ether. Tables 711 and Till give 17.6 engine imep 
ratios ' derived from the mixture-response curves of figure 10 for 
10- and 20-percent blends of the six ethers with S reference fuel, 
unleaded and leaded, respectively. In going from the severest 
(250° F air, lean) to the mildest (100° F air, rich) 17.6 engine 
conditions, the aromatic alkyl ethers showed a tendency to rise 
in order of rating relative to the tert -butyl alkyl ethers. At 
the mildest conditions, blends containing aromatic alkyl ethers 
generally had the highest knock ratings of the group; they were 
usually somewhat higher than methyl tert-butyl ether blends, much 
higher than triptane blends (reference 26), but not quite so high 
as the best aromatic hydrocarbon blends (references 7 to 12). 

Lead susceptibility. - Data for relative lead susceptibility 
in the 17.6 engine for 10- and 20-percent ether blends with 
S reference fuel are presented in table IX, 7alues for the ether 
blends were, in general, a little higher than those for S refer- 
ence fuel; methyl tert-butyl ether blends were generally slightly 



MCA TN 2070 


9 


higher than the rest. The three aromatic ethers as a group tended 
to give lower lead susceptibility than the tert -butyl alkyl ethers 
at the severest 17.6 engine conditions (250° E air, lean). This 
trend parallels the A.S.T.M. Aviation results. Corresponding blends 
containing triptane (reference 26) or high-performance aromatic 
hydrocarbons (references 7 to 12) generally had lead susceptibil- 
ities as high as the best ethers. 

Temperature sensitivity. - Values for relative inlet-air- 
temperature sensitivity in the- 17.6 engine are given in table X. 
Within the estimated error, values for the six ethers in 10-percent 
blends with the mixed base fuel were about the same as for the base 
fuel. At the 25-percent concentration, the aromatic ethers showed 
greater temperature sensitivity than the tert -butyl 'alkyl ethers, 
which still gave about the same sensitivity as the base fuel. At 
the 50-percent concentration, the aromatic ethers were considerably 
more sensitive to 'temperature; even the tert -butyl alkyl ethers, 
showed a definitely greater temperature sensitivity than the base 
fuel at lean mixtures. In blends with S reference fuel, unleaded 
and leaded, the tert -butyl alkyl ethers showed somewhat greater 
sensitivity than in blends with the mixed base fuel. Corresponding 
triptane blends (reference 26) had relative inlet-air temperature 
sensitivities in the 17.6 engine about the same as the tert -butyl 
alkyl ethers; corresponding blends containing the most sensitive 
aromatic hydrocarbons of references 7 to 12 were more sensitive 
than any of the six ethers. 


Over-all Comparison of Ethers 

Some rough generalizations providing an over-all comparison 
of the antiknock value of the 23 ethers in blends are included in 
this section. Fuel sensitivity to severity of engine conditions 
is one of the factors stressed. The 17.6 engine inlet-air temper- 
ature sensitivity is a measure of sensitivity to changes over a 
relatively mild part of the range of engine conditions. The sen- 
sitivity usually discussed in the following comments covers a 
wider range; it is obtained by comparing the order of knock ratings 
for the base fuel, the ether blends, and corresponding blends of 
other fuels at all engine conditions covered. 

tert-Butyl alkyl ethers. - Methyl tert -butyl ether is slightly 
surpassed in blend performance at severe conditions by the other 
tert-butyl alkyl ethers and at mild conditions by some of the 
aromatic alkyl ethers (and even more by the best aromatic hydro- 
carbons of references 7 to 12). Nevertheless, for high antiknock' 
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•value oyer a fairly wide range of engine severity, methyl tert - 
butyl ether is thought to he the best of the 23 ethers investigated. 
It is one of the best fuels known regardless of chemical class 
with respect to knock- limited power over a wide range of conditions. 

At severe conditions, isopropyl tert -butyl ether gave the 
highest knock ratings of the 25-percent ether blends. (These rela- 
tive ratings depend on concentration; ethyl tert -butyl ether gave 
slightly higher values in 10-percent blends and methyl tert -butyl 
ether, in 50-percent blends.) At milder conditions, the order of 
the three tert -butyl alkyl ethers was usually reversed, with 
isopropyl lowest, ethyl in between, and methyl highest. In other 
words, methyl tert- butyl was usually the most sensitive of the 
three with respect to changes in fuel-air ratio and engine severity 
in general; isopropyl, tert -butyl ether was usually the least 
sensitive. 

The sensitivity of methyl tert-butyl ether in blends was about 
the same as the least sensitive aromatic ethers; it was considered 
less than the least sensitive aromatic hydrocarbons of high per- 
formance (references 7 to 12) such as tert -butylbenzene and less 
than the most sensitive paraffins or olefins, but greater than 
triptane blends (references 2 to 4 and 26). The sensitivity of 
blends containing isopropyl tert -butyl ether was thought to be less 
than triptane blends but greater than isooctane blends (refer- 
ences 2 and 26). 

Methyl tert -butyl ether generally showed greater response to 
changes in concentration than the other tert -butyl alkyl ethers, 
considering the entire range up to 50 percent; at low concentra- 
tions, however, ethyl tert -butyl ether often seemed to show greater 
response. 

The three tert -butyl alkyl ethers investigated might be con- 
sidered as members of a structural series in which the methyl hydro- 
gens are successively replaced by methyl groups. If the anti- 
knock trends discussed for the first three members could be 
extrapolated to the fourth member of the series, di-tert-butyl 
ether would be expected to be generally the least sensitive to 
engine severity of the four. For example, in the 25-percent blend 
with the mixed base fuel, di- tert -butyl ether might be expected 
to give higher knock ratings at the severe A.S.T.M. Aviation and 
lean Supercharge conditions than the other three tert -butyl ethers; 
and it might be expected to give slightly lower ratings than the 
other three at the moderate A.S.T.M. Supercharge rich conditions. 

Of course, experimental verification is needed. 
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Beference 17 includes modified B-4 engine data for a 10-percent 
blend of di-tert-butyl ether with AtT-B-28 fuel, and reference 18 
includes 17,6 engine data for a leaded 20- percent blend of di-tert- 
butyl ether with S reference fuel. The modified B-4 engine conditions 
were probably less severe than standard A.S.T.M. Supercharge condi- 
tions but a little more severe than the 17.6 engine conditions with 
inlet air at 250° B. At the modified B-4 engine conditions, the di- 
tert -butyl ether blend gave slightly higher knock ratings at lean mix- 
tures, but lower ratings at richer mixtures than corresponding blends 
of the three other tert -butyl alkyl ethers. At all the 17.6 engine 
conditions, di- tert -butyl ether gave lower blend knock ratings than 
the three tert -butyl alkyl ethers discussed herein; it was better than 
triptane (in corresponding blends) with inlet air at 100° B, but poorer 
at fuel-air ratios much above the minimum imep point with inlet air at 
250° B. These data indicate that di- tert -butyl ether gave somewhat 
lower fuel-air mixture response but higher inlet -air-temperature sen- 
sitivity than the triptane blend at 17.6 engine conditions. 

A relatively low motor octane number is reported in reference 24 
for a blend containing 25 percent di- tert -butyl ether, lower than that 
for diisopropyl other; no physical-property data are given, however, 
and some question as to purity seems to be indicated. 

Aromatic alkyl ethers, - The best aromatic alkyl ethers gave much 
lower blend knock values than any of the tert -butyl alkyl ethers at 
severe lean conditions. At moderate conditions, they gave knock 
values about equal to ethyl or isopropyl tert -butyl ether, but still 
below methyl tert -butyl ether. At mild conditions, they surpassed 
even methyl tert-butyl ether and the superiority of these ethers 
tended to increase at higher blend concentrations. The aromatic alkyl 
ethers as a group showed greater sensitivity to engine severity and 
greater blending response at mild conditions than the dialkyl ethers 
investigated; a corresponding relation exists between aromatic and 
paraffinic hydrocarbons. 

At all engine conditions, the best of the 11 aromatic alkyl 
ethers gave lower blend knock values and perhaps somewhat lower sen- 
sitivity than the best aromatic hydrocarbons of references 7 to 12. 

Isopropyl benzyl ether, one of the better aromatic alkyl ethers 
at severe lean conditions, was one of the poorer ones at rich condi- 
tions; it seemed to be somewhat less sensitive than the ethers having 
the oxygen linked to a carbon in the ring. Methyl benzyl ether also 
gave poor fuel-air mixture response. 

In the A.S.T.M. Supercharge engine, n-propyl phenyl ether was 
higher in blend knock value than ethyl phenyl, ether (phenetole), 
which in turn was higher than methyl phenyl ether (anisole). This 
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trend corresponds to the usual order of n-propyl- , ethyl-, and 
methylbenzene (references 7 and 11) at lean fuel-air ratios. Iso- 
propyl phenyl ether gave lower blend A.S.T.M. Supercharge values 
than n-propyl phenyl ether at lean mixtures, but they were approx- 
imately equal at rich mixtures; this somewhat greater mixture 
response of isopropyl relative to n-propyl phenyl ether agrees with 
a similar effect noted for corresponding benzene derivatives (ref- 
erences 8 and 11). 

Of the other aromatic alkyl ethers, _o-methylanisole gave the 
lowest blend knock values. The low knock limit of the ortho 
structure relative to meta or para apparently applies to aromatic 
ethers Just as it does for aromatic hydrocarbons (references 8, 

9, and 12). 

Methallyl ethers. - Phenyl methallyl ether was much the low- 
est in blend knock value of the 23 ethers studied. Next poorest 
of the methallyl ethers was dimethallyl ether, which was near the 
level estimated for a corresponding n-heptane blend. The three 
methallyl alkyl ethers were somewhat better and generally ranked 
along with the two or three poorest aromatic alkyl ethers. A 
corresponding blend of 2,4, 4-trimethyl- 1-pentene (one of the better 
olefinic hydrocarbons) had about the same A.S.T.M. Aviation rating 
as the tert -butyl methallyl ether blend; in the A.S.T.M. Supercharge 
engine, however, the hydrocarbon was far superior (references 2 
and 4). 

Cycloalkyl methyl ethers. - Methyl cyclohexyl ether gave the 
lowest blend knock value of the three cycloalkyl ethers and was 
second lowest of the 23 compounds. Of the other two, methyl 
cyclopropyl ether had lower blend knock values than methyl cyclo- 
pentyl ether at A.S.T.M. Aviation and lean Supercharge conditions; 
the order was reversed, however, at the less severe A.S.T.M. Super- 
charge rich conditions. In other words, methyl cyclopropyl ether 
was more sensitive than methyl cyclopentyl ether. 

Propylene oxide. - Propylene oxide ranked about in the middle 
of the group of 23 compounds in blend knock ratings; it had ratings 
of the order that might be ejected if it behaved (in engines) 
like acetone (reference 14). 


SUMMARY OF RESULTS 

The highest knock ratings for 25 ethers investigated in. var- 
ious blends at several engine conditions were generally for the 
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tert -butyl alkyl ethers, followed "by most of the aromatic alkyl 
ethers; the lowest ratings were for ethers having olefinic, cyclo- 
paraff inic, or ortho-aromatic radicals. More specifically: 

1. At severe engine conditions (A.S.T.M. Aviation or lean 
Supercharge), blends containing the tert -butyl alkyl ethers were 
outstanding. At concentrations of about 25 percent or less, methyl 
tert -butyl was not quite so good as ethyl tert -butyl or isopropyl 
tert -butyl ether; but all ga/e higher knock ratings than corre- 
sponding blends of triptane or other liquid hydrocarbons at severe 
conditions. 

2. At moderate conditions (A.S.T.M. Supercharge rich or lean 
17.6 engine conditions with inlet air at 250° F) , blends contain- 
ing methyl tert -butyl ether had the highest knock ratings, about 
equal to corresponding blends containing the best aromatic hydro- 
carbons. The other tert-butyl alkyl ethers and many of the aro- 
matic alkyl ethers gave lower ratings in a class with triptane 
blends. 

3. At mild conditions (17.6 engine with inlet air at 100° F), 
blends containing some of the aromatic alkyl ethers had the high- 
est knock ratings. They were somewhat higher than methyl tert- 
butyl ether blends, much higher than triptane blends, but not 
quite so high as the best aromatic-hydrocarbon blends. 


Lewis Flight Propulsion Laboratory, 

National Advisory Committee for Aeronautics, 
Cleveland, Ohio, August 15, 1949. 
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APPEKDIX - ESTIMATION OF BLEND RATINGS 

The A.S.T.M. Aviation rating of a 25-percent triptane blend 
■was 130 performance number (reference 4); the base fuel (85 percent 
S-3 and 15 percent M-3) for this blend had a performance number of 
114. The rating of a 25-percent triptane blend ■with a base fuel 
having a performance number of 120 was estimated to be 135. by the 
approximate method subsequently explained. Other 25-percent trip- 
tane blend data (derived from references 1, 26, and 31) gave esti- 
mated values ranging from 131 to 139. 

A 25-percent blend of isooctane in the mixed base fuel would 
be the same as 90.6 percent isooctane in n-heptane plus 4 ml TEL 
per gallon; the rating of this blend is estimated at approximately 
128 on the basis of a plot of percentage composition against 
A.S.T.M. Aviation performance number derived from- reference 30. 

A 25-percent n-heptane blend was similarly estimated to rate 
about 80. 

The following approximate method was used to correct the per- 
formance number of a blend with one base fuel to that for a slightly 
different base fuel: 

A performance number of blending 
agent 

B^ performance number of first base 
fuel 

Bg performance number of slightly 
different base fuel 
performance number of blend with 
first base fuel at N fractional 
concentration 

Xg performance number of blend with 
slightly different base fuel at 
N fractional concentration 

If it is assumed that AB]_ and ABg in the accompanying figure are 

straight lines (this assumption is not true in general, but where 
the difference in base fuels is small, the resulting error would 
probably be small), 

V B 2 A - B 2 

N-0 - 1-0 



or 


Xg-Bg = NA— NBg 


1244 
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Similarly, 


X 1 -B 1 = WA-I'IB 1 

By subtraction and rearrangement, 


S 2" S 1 = Bg-B^-H (B 2 -B^) 


or 


X 2 = X-l + (1-N)(B 2 -B 1 ) 

Thus, in’ order to correct the performance number of a 25-percent 

blend from a base-fuel value of 114 to one of 120, add 

(1-0.25) (120-114) = 4.5 to the original blend performance number. 
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TABLE II - A.S.T.M. AVIATION AND A.S.T.M. SUPERCHARGE RATINGS FOR LEADED ETHERS BLENDED WITH 
BASE FUEL CONSISTING OF 87.5-PERCENT S REFERENCE FUEL AND 12.5-PERCENT n-HEPTANE PLUS 4 ML 
TEL PER GALLON 


Ether in blend a 

Blend 

stoi- 

chio- 

metric 

fuel- 

air 

ratio 

A.S.T.M. Aviation 

A.S.T.M. Supercharge 
(fuel-air ratio, 0 . 11 ) 

TEL in S 
reference 
fuel 
(ml/gal) 

Per- 

form- 

ance 

number 

S + 4 ml TEL 
in heptane 
+ 4 ml TEL 
(percent) 

Perform- 

ance 

number 

Hum- 

ber 

Name 

Percent 

by 

volume 

Percent 

by 

weight 

0 

Base fuel 

0 

0 

0.0664 

0.68 

120 

87.5 

no 

1 

Methyl tert-butyl ether 

10 

10.6 

0.0680 

1.60 

134 

95.1 

137 

2 

Ethyl tert-butyl ether 


10.6 

.0678 

2.20 

140 

93.6 

133 

3 

Isopropyl tert-butyl ether 


10.6 

.0676 

1.90 

137 

91.9 

127 

4 

Anisole 


13.8 

.0691 

.60 

118 

91.6 

126 

5 

Phenetole 


13.4 

.0687 

.69 

120 

92.5 

129 

6 

g-Methylanis ole 


13.5 

.0687 

.67 

120 - 

93.9 

134 

1 

Methyl tert-butyl ether 

25 

26.3 

0.0705 

2.50 

143 

103.8 

b 174 

2 

Ethyl tert-butyl ether 


26.3 

.0700 

2.60 

144 

99.2 

150 

3 

Isopropyl tert-butyl ether 


26.3 

.0696 

3.45 

149 

99.0 

149 

4 

Anisole 


32.4 

.0730 

.20 

107 

96.8 

143 

5 

Phenetole 


31.7 

.0722 

.32 

111 

97.9 

146 

6 

E-Hethylanisole 


31.8 

.0722 

.35 

112 

97.6 

145 

7 

m-Methylanisole 


31.9 

.0722 

.28 

110 

98.2 

147 

8 

o-Methylanis ole 


32.1 

.0722 

c 94.0 

82 

79.3 

92 

9 

p-ter t-Butv lanis ole 


31.1 

.0706 

.29 

110 

98.4 

147 

10 

n-Propyl phenyl ether 


31.3 

.0715 

.28 

no 

99.1 

150 

11 

Isopropyl phenyl ether 


31.2 

.0715 

.28 

no 

99.3 

150 

12 

tert-Butyl phenyl ether 


30.8 

.0710 

.20 

107 

95.2 

138 

13 

Methyl benzyl ether 


31.7 

.0721 

.11 

104 

87.2 

109 

14 

Isopropyl benzyl ether 


30.7 

-.0710 

„ i 6Z 

119 

96.0 

140 

15 

Phenyl methallyl ether 


31.7 

.0716 

c 70±5 

48 

49.4 

60 

16 

Methyl methallyl ether 


27.2 

.0714 

c 97 .9 

93 

78.3 

90 

17 

Isopropyl methallyl ether 


27.2 

.0702 

.15 

106 

83.3 

98 

18 

tert-Butyl methallyl ether 


27.5 

.0699 

.16 

106 

86.1 

106 

19 

Dimethallyl ether 


28.1 

.0704 

°91.5 

77 

76.9 

88 

20 

Methyl cyclopropyl ether 


27.4 

.0724 

°91.2 

76 

79.4 

92 

21 

Methyl cyclopentyl ether 


29.4 

.0711 

c 93.0 

80 

72.2 

82 

22 

Methyl cyclohexyl ether 


29.7 

.0706 

° 86.6 

68 

67.9 

77 

23 

Propylene oxide 


28.5 

.0742 

.01 

100 

93.3 

132 

1 

Methyl tert-butyl ether 

50 

51.7 

0.0750 

3.60 

150 

112.5 

b 254 

2 

Ethyl tert-butyl ether 


51.7 

.0738 

3.50 

150 

105.3 

b 185 

3 

Isopropyl tert-butyl ether 


51.7 

.0730 

5.60 

160 

105.7 

b 184 

4 

Anisole 


58.9 

.0796 

°98.1 

94 

95.4 

138 

5 

Phenetole 


58.2 

.0778 

c 100.0 

100 

95.4 

138 

6 

£-Methylanisole 


58.4 

.0778 

c 100.0 

100 

94.8 

136 


a All contain 4 ml TEL/gal. 

^Estimated performance number = ^ 7 x performance number of S + 4 ml TEL. 
c Octane number. 
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TABLE VI - 17.6 ENGINE KNOCK DATA FOR LEADED ETHERS BLENDED WITH BASE FUEL CONSISTING OF 87.5-PERCENT S 

REFERENCE FUEL AND 12.5-PERCENT n-HEPTANE PLUS 4 ML TEL PER GALLON 

[Compression ratio, 7.0; speed, 1800 rpm; spark advance, 30° B.T.C.; coolant, water at 212° F] 
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TA BLE IX - LEAD SUSCEPTIBILITY OP ETHER BLENDS RELATIVE TO S REFERENCE 

FUEL IN 17.6 ENGINE 

[Compression ratio, 7.0; speed, 1800 rpm; spark advance, 30° B.T.O.j 
coolant, water at 212° F; incipient knock] 


Ether in blend 

Relative lead susceptibility a 

Base fuel and blend at 
same fuel-air ratio 

Base fuel and blend at 
same percentage of 
stoichiometric mixture 

Num- 

ber 

Name 

Fuel-air ratio 
of base fuel 

Fuel-air ratio 
of base fuel 

0.065 

0.07 

0.085 

0.10 

0.11 

0.065 

0.07 

0.085 

0.10 

0.11 


10-percent blends in S 

reference 

fuel: 

inlet 

-air 

temperature 

, 250° 

F 


1 

Methyl tert-butyl ether 

1.08 

1.07 

1.08 

1.04 

1.05 

1.08 

1.08 

1.06 

1.04 

1.05 

2 

Ethyl tert-butyl ether 

1.02 

.98 

.94 

.96 

.95 

1.01 

.98 

.94 

.95 

.95 

3 

Isopropyl tert-butyl ether 

1.01 

1.00 

1.01 

1.00 

1.01 

1.01 

1.00 

1.00 

1.00 

1.00 

4 

Anlsole 

1.01 

1.02 

1.00 

1.02 

1.01 

1.01 

1.01 

1.01 

1.02 

1.01 

5 

Phenetole 

.99 

.99 

1.04 

1.01 

1.00 

.98 

.99 

1.03 

1.00 

.99 

6 

j>-Me thylani s ole 

1.00 

1.03 

1.04 

1.06 

1.07 

1.02 

1.04 

1.04 

1.06 

1.06 


20-percent blends in S 

reference fuel; 

inlet 

-air 

temperature 

. 250° F 


1 

Methyl tert-butyl ether 

1.09 

1.10 

1.11 

1.06 

1.03 

1.09 

1.11 

1.09 

1.04 

1.02 

2 

Ethyl tert-butyl ether 

1.14 

1.11 

1.07 

.99 

.94 

1.14 

1.09 

1.05 

.97 

.93 

3 

Isopropyl tert-butyl ether 

1.11 

1.07 

1.02 

1.01 

.98 

1.11 

1.06 

1.01 

.99 

.97 

4 

Anisole 

1.03 

1.04 

1.02 

1.05 

1.04 

1.02 

1.02 

1.01 

1.04 

1.02 

5 

Phenetole 

1.01 

1.01 

1.11 

1.07 

1.04 

1.04 

1.01 

1.09 

1.04 

1.03 

6 

£-Methylanisole 

.97 

1.03 

1.06 

1.07 

1.04 

1.04 

1.07 

1.06 

1.02 

1.04 


20-percent blends in S 

reference fuel; 

inlet 

-air temperature 

, i 00° 

F 


1 

Methyl tert-butyl ether 

1.13 

1.11 

1.08 

1.07 

1.08 

1.15 

1.13 

1.06 

1.07 

1.07 

2 

Ethyl tert-butyl ether 

1.06 

1.07 

1.07 

1.01 

.97 

1.07 

1.07 

1.06 

1.00 

.96 

3 

Isopropyl tert-butyl ether 

1.03 

1.05 

1.03 

.99 

.98 

1.05 

1.06 

1.02 

.98 

.97 

4 

Anisole 

1.04 

1.04 

1.05 

1.06 

1.05 

1.05 

1.05 

1.05 

1.04 

1.03 

5 

Phenetole 

1.03 

1.04 

1.08 

1.02 

1.02 

1.05 

1.08 

1.04 

1.01 

1.02 

6 

£-Methylanisole 

1.11 

1.10 

1.05 

1.02 

1.03 

1.12 

1.08 

1.02 

1.00 

1.02 


a Relative lead susceptibility = 


linen of blend (leaded to 4 ml TEL/gal) 
lmep of blend (unleaded) 
imep o? S (leaded to 4 ml TEL/gal) 
lmep of - S (unleaded) 
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TABLE X - INLET-AIR— TEMPERATURE SENSITIVITY OP ETHER BLENDS RELATIVE TO BASE FUEL 

IN 17.6 ENGINE 


{Compression ratio, 7.0; speed, 1800 rpm; spark advance, 30° B.T.C.; coolant, water at 

212° P; incipient knockj 


Ether in blend 

Relative temperature sensitivity®- 

Base fuel and blend at 
same fuel-air ratio 

Base fuel and blend at same 
percentage of stoich- 
iometric mixture 


Name 

Puel-air ratio of 
base fuel 

Puel-air ratio of 
base fuel 

0.065 

0.07 

0.085 

0.10 

0.11 

0.065 

0.07 

0.085 

0.10 

0.11 


Leaded 10-percent blends in mixed base 

fuel 





i 

Methyl tert-butyl ether 

1.03 

1.03 


1.02 

1.02 

1.03 

1.03 

1.01 

1.02 

1.02 

2 

Ethyl tert-butyl ether 

1.00 

.99 

.97 

.97 

.94 

.99 

.98 

.97 

.96 

.95 

3 

Isopropyl tert-butyl ether 

.98 

.98 

1.01 

1.00 

1.00 

.98 

.98 

1.00 

1.00 

EK31 

4 

Anisole 

1.05 

1.08 

1.04 

1.03 

1.02 

1.05 

1.06 

1.02 

1.02 

1.02 

5 

Phenetole 

1.02 

1.02 

1.05 

-1.04 

1.02 

1.01 

1.01 

1.04 

1.03 

1.01 

6 

£-Methylanisole 

1.02 

1.00 

.99 

1.00 

1.00 

1.02 

1.00 

.97 

.99 

.99 


Leaded 25-percent blends in mixed base 

fuel 





1 

Methyl tert-butyl ether 

1.04 

1.05 

1.01 


1.00 


1.02 


0.99 


2 

Ethyl tert-butyl ether 

.98 

.99 

1.02 

REs 

.95 

KTr| 

.98 


.97 


3 

Isopropyl tert-butyl ether 

1.03 

1.03 

1.05 


1.01 

Hi M 

1.03 

1.04 

1.02 

UB»a 

4 

Anisole 

1.12 

1.14 

1.14 

1.10 

1.09 

1.09 

1.09 

1.09 

1.07 

1.07 

5 

Phenetole 

1.13 

1.16 

1.18 

1.13 

1.09 

1.14 

1.15 

1.13 

1.10 

1.06 

6 

£-Methylanis ole 

1.12 

1.13 

1.11 

1.10 

1.08 

1.14 

1.11 

1.06 

1.07 

1.05 


Leaded 50-percent blends in mixed base 

fuel 





1 

Methyl tert-butyl ether 

1.10 

1.26 

1.12 

1.05 

0.98 

1.17 

1.12 

1.04 

0.95 


2 

Ethyl tert-butyl ether 

1.14 

1.25 

1.29 

1.12 

1.00 

1.24 

1.25 

1.18 

1.02 

0.95 

3 

Isopropyl tert-butyl ether 

1.07 

1.09 

1.12 

1.05 

1.02 

1.08 

1.08 

1.07 

1.02 

1.02 


Anisole 






















5 

Phenetole 


1.71 

1.71 

1.35 

1.22 

1.65 

1.59 

1.31 

1.19 

1.15 

6 

£-Methylanis ole 


2.11 

1.95 

1.95 

1.79 

1.96 

1.89 

1.83 

1.50 



Unleaded 20-percent blends in 

S reference fuel 




1 

Methyl tert-butyl ether 

1.09 

1.12 

1.13 

1.03 

0.98 

1.08 

1.11 

1.10 

0.99 

0.96 

2 

Ethyl tert-butyl ether 

1.07 

1.06 

1.02 

.98 

.94 

Esa 

1.05 


.96 

.94 

3 

Isopropyl tert-butyl ether 

1.08 

1.08 

1.05 

1.01 

.97 

1.07 

1.06 


.99 

.97 

4 

Anisole 

1.14 

1.16 

1.15 

1.09 

1.01 

1.12 

1.14 

1.10 

1.02 

.98 

5 

Phenetole 

1.09 

1.11 

1.14 

1.08 

1.01 

1.10 

1.10 

1.11 

1.03 

.98 

6 

£-Methylanisole 

1.07 

1.13 

1.14 

1.11 

1.04 

1.11 

1.14 

1.12 

1.06 

1.02 


Leaded 20-percent blends In 

S reference fuel 




1 

Methyl tert-butyl ether 


1.14 

[■VSl 

1.03 

1.02 

1.13 

1.12 

1.07 

1.02 

1.01 

2 

Ethyl tert-butyl ether 


1.02 


mn»] 

.98 


1.03 

1.01 

.99 

.97 

3 

Isopropyl tert-butyl ether 

EK59 

1.06 


.99 

.97 

1.02 

1.06 

1.04 

.98 

.97 

4 

Anisole 

1.15 

1.16 

1.19 

1.10 

1.03 

1.16 

1.17 

1.14 

1.02 

.99 

5 

Phenetole 

1.13 

1.15 

1.11 

1.03 

iwmi 

1.10 

1.17 

1.05 

1.00 

.98 

6 

£-Methylanis ole 

1.23 

1.21 

1.12 

1.07 

1.03 

1.20 

1.15 

1.08 

1.03 

1.00 


a Relative temperature sensitivity = 


imep of blend (inlet-air temperature. 100° F) 
Imep of blend (inlet-air temperature, 250° F)' 
imep of base fuel (inlet-air temperature, 100 1 -* P ) 
imep of base fuel (inlet-air temperature, 250° F) 
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Figure 1. - Comparison of engine conditions 
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■Humber Compound in blend 


1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 
21 
22 
23 


Ms thyl tert -butyl ether 

Ethyl tert -butyl ether 

Isopropyl tert -butyl ether 

Anisole 

Phenetole 

£-Methylanisole 

m-Methylanisole 

ci-Kethylanisole 

p -tert -Butylan isole 

n-Propyl phenyl ether 

Isopropyl phenyl ether 

tert-Butyl phenyl ether 

Methyl benzyl ether 

Isopropyl benzyl ether 

Fnenyl methallyl ether- • • • 

Methyl methallyl ether 

Isopropyl methallyl ether- • 
tert -Butyl methallyl ether 

Dimethallyl ether 

Methyl cyclopropyl ether- •• 
Methyl cyclopentyl ether • • 
Methyl cyclohexyl ether 
Propylene oxide 




1 Engine 

jmam A.S.T.M. Aviation 

11 1 A.S.T.M. Supercharge 

(fuel-air ratio, 0 o 13j 


Isooctane 

n-IIeptane 

Triptane 

2,2,3,3-Tetramethylpentane 

2.4. 4- Trlmethyl-l-pentene 

2.4. 4- Trimethyl-2-pentene 

tert -Butylbenzene 

l -tert -Butyl-4-methvlb enz ene- ■ •• 


40 80 120 160 200 


Performance number 

Figure 2. - Performance numbers in A.S.T.M. Aviation and Supercharge engines for 
25-percent blends with a 120/110 base fuel consisting of 87. 5-percent S reference 
fuel and 12.5-percent n-heptane. All fuels leaded to 4 ml TEL per gallon. 







Knock-limited inlet-air pressure, in. Hg abs 
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(a) Methyl tert- butyl ether. 

Figure 4. - Fuel-air mixture response in A.S.T.X. Superoharge engine for first six ethers in leaded 10-, 
26-, and 60-peroent (volume) hlends with base fuel consisting of 87. 6-percent S reference fuel and 
12.5-peroent n-heptane plus 4 ml TEL per gallon. 
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( c ) Isopropyl tert -butyl ether. 

Figure 4. - Continued. Fuel-air mixture response in A.S.T.M. Supercharge engine for first six ethers in 
leaded 10-, 25-, and 60-peroent (volume) blends with base fuel consisting of 87.6-percent S reference 
fuel and 12.6-percent n-heptane plus 4 ml TEL per gallon. 


Knock-limited inlet-air pressure, lt)_. Hg abs v 
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(d) Anlsole. 

Pimire 4 — Continued. Fuel-air mixture response in A.S.T.X. Supercharge engine for first six ethers in 
iSded^O-, 25 ^ and 50 -percent (volume) blends with base fuel consisting of 87.5-percent S reference 
fuel and 12.6-percent n-heptane plus 4 ml TEL per gallon. 


1244 



Knock-limited inlet-all 4 pressure, in. Hg abs 
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(e) Phenetole. 

Figure 4. - Continued. Fuel-air mixture response in A.S.T.H. Supercharge engine for first six ethers in 
leaded 10-, 25-, and 60-percent (volume) blends with base fuel consisting of 87. 6-percent S reference 
fuel and 12.6-peroent n-heptane plus 4 ml TEL per gallon. 



Enoak-llmlted inlet-air pressure, In, Hg abs. 
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(a) Three ethers. 

Figure 5. - Fuel-air mixture response In A.3.T.M. Supercharge engine for 17 ethers in leaded 26-percent 
(volume) blends with base fuel consisting of 87.5-peroent S reference fuel and 12.5-peroent n-heptane 
plus 4 ml TEL per gallon. — 




Knoolt-llmited inlet-air pressure. In. Hg aba 
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(b) 

Figure 5. - Continued. Fuel-air mixture response in A. 
2 5-percent (volume) blends with base fuel consisting 
n-heptane plus 4 ml TEI. per gallon. 


Four ethers. 

S.T.M. Supercharge engine for 17 ethers in leaded 
of 87.5-peroent S reference fuel and 12.6-percent 



Knock-United lnlet-alr pressure. In. Hg abs 
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Base fuel 

Methyl benzyl ether blend 
Isopropyl benzyl ether blend 
Methyl methallyl ether blend 
tert -Butyl methallyl ether blend 
Phenyl methallyl ether blend 
3 + 4 ml TEL/gal (Not run same 
day; obtained by multiplying 

base fuel imep by tn >ff gLe^fuel ' 
averaged from preceding and succeed 
Ing runs Including 3+4) 


.05 . 06 . 07 . 03 . 03 

fuel 
(o) F 

Figure 6. - Continued. Fuel-air mixture response In A.S 
26-peroent (volume) blends with base fuel consisting o 
n-heptane plus 4 mi TEL per gallon. 




Knocfc-Umlted inlet-air pressure. In. Ha abs 
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(d) Five ethers. 

Figure 5. - Concluded. Fuel-air mixture response in A.S.T.M. Supercharge engine for 17 ethers in leaded 
26-peroent (volume) blends with base fuel consisting of 87. 5-percent S reference fuel and 12.6-peroent 
n-heptane plus 4 ml TEL per gallon. 



43 



.05 .07 .09 .11 .13 

•atio of base fuel (blend at same percentage of stoichiometric mixture) 
(a) Pound per horsepower-hour. 


specific fuel consumption compared at same percentage of stoichiometric 
■ base fuel and blend in A.S.T.M. Supercharge engine for first si^c ethers 
; (volume) blends with base fuel consisting of 87.5-percent S reference 
it n-heptane plus 4 ml TEL per gallon. 





isfc, gal/hp-hr 
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(b) Gallon per horsepower-hour. 


Figure 6. - Concluded. Indicated specific fuel consumption compared at same percentage of 
stoichiometric fuel-air mixture for base fuel and blend in A.S.T.H. Supercharge engine for 
first six ethers in leaded 50-percent (volume) blends with base fuel consisting of 87.5- 
percent S reference fuel and 12.5-percent n-heptane plus 4 ml TEL per gallon. 


1244 
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isnj aseq oq puaxq jo sofq^.1 daurp paqfurpx-Jtootr}; 


Knook-llmlted inlet-air pressure, in. Hg abs 
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(a) Methyl tert- butyl ether. 

Figure 8. - Fuel-air mixture response in 17.6 engine for first, six ethers in leaded 10- , 25-, and 50- 
percent (volume) blends with base fuel consisting of 87. 6-percent S reference fuel and 12.6-peroent # 
n-heptane plus 4 ml TEL per gallon. Compression ratio, 7.0; speed, 1800 rpa; spark advance, 30° B.T.G., 
Coolant, water at 212° F. 


1244 



Knook-llmited Inlet-air preooure, In. Hg aba. 
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Figure 6. - Continued, Fuel-air mixture response in 17.6 engine for first 
and 50-percent (volume) blends with base fuel consisting of 87. 5-percent 
n-heptane plus 4 ml TEL per gallon. Compression ratio, 7.0; speed, 1800 
■coolant, water at 212° F. 


six ethers in leaded 10- , 26-, 

S reference fuel and 12.5-percent 
rpm; spark advance, 30° B.T.C. ; 


49 



1 .13 


leaded 10-, 25-, 
el and 12.5-percent 
ance, 30° B.T.C.; 





Knook-llmltcl lnlet-alr pressure. In. Hg abs 
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% .8 

620- 


O Base fuel 

4 on Q 10 -percent blend _ 
. O 25-percent blend 
e A 60 -percent blend 


[lnlet-alr temperature, 250° F| | | 

.07 *09- .11 *13 * 06 

Fuel-air ratio 
(e) Phene t ole. 


i lnlet-alr temperature, 100° F 


o rnntlnued. Fuel-air mixture response in 17.6 engine for first six ethers in leaded 10-, 25-, 

I5S 60 -perceSt (vSinie) blenS with base fSel consisting of 87 . 5 -percent 3 reference fuel and l|.6-percent 
n-heptane plus 4 ml TEL per gallon. Compression ratio, 7.0; speed, 1800 rpm, spark advance, 30 B.T.C., 

■coolant, vater at 212° F. 
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.05 .07 .09 .11 

F 


«•> 

Figure 8. - Concluded. Fuel-air mixture response 
and 50-percent (volume) blends with base fuel cc 
n-heptane plus 4 ml TEL per gallon. Compress ior 
coolant, water at 212° F. 
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CM 

r~\ 



.05 . 07 . 09 .11 .13 . 05 . 07 . 09 .11 .13 

Fuel-air ratio 

(a) Methyl tert-butyl ether. V" 


Figure 10. - Fuel-air mixture response in 17.6 engine for first six ethers in unleaded, and leaded 10- and 
20-percent (volume) blends with 3 referenoe fuel. Compression ratio, 7.0; speed, 1800 rpm; spark 
advanoe, 30° B.T.C.; ooolant, water at 212° F. 




Knock-limited inlet-air preooure. In 
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(b) Ethyl tert- butyl ether. 


Figure 10. - Continued, Fuel-air mixture response In 17.6 engine 
leaded 10- and 20-percent (volume) blends vlth S reference fuel. 
1800 rpn; spark advance, 30° B.T.C.j coolant, Water at 213 F. 


for first six ethers in unleaded and 
Compression ratio, 7.0; speed, 


iS 


1244 



Knook-llmited Inlet-air pressure, in. Hg abo 
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Figure 10. - Continued. Fuel-air mixture response in 17.6 engine for first six ethers in unleaded and 
leaded 10- and 20-percent (volume) blends with 3 reference fuel. Compression ratio, 7.0; speed, 

1600 rpm; spark advance, 30° B.T.C.; coolant, water at 212° F. 



Knock-limited lnlet-alr pressure 
In. Hg abo. 
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Fl£ 7 iiT*R 10 - Continued* Fuel-air mixture response in 17*6 engine Tor first six ethers in unleaded and 

leaded io- and 20-percent (volume) blends with S reference fuel. Compression ratio, 7.0; speed, 1800 
rpm; spark advance, 30° B.T.C.j coolant, water at 212 F* , 




Knock-limited Inlet-air pressure 
In* Hg abs. 
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(e) Phenetole. 

Co “ t J" ued * Fuel-air mixture response in 17.6 engine for first six ethers in unleaded and 
10 ” \ 20 7 p8r0ent ™o°l u 5 8 ;l blendB wlttl 3 reference fuel. Compression ratio. -7.0; speed. 

1800 rpm; spark advance, 30° B.T.C.; coolant, water at 312° F. p ' 


Knook-llnltei Inlet-air pressure 
In. Hg abs. 
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I Kssjgla 


_OS reference fuel 
Q- 10-percent blend 
r> 20 -percent blend 
.AS reference fuel 
V 10-percent blend 
X 20-percent blend 




(unleaded) 

(unleaded) 

(unleaded) 

(leaded to 4 ml/gal) . 
(leaded to 4 ml/gal) 
(leaded to 4 ml/gal) 


Inlet-air temperature, 250° F 


Inlet-air temperature, 100° F 


.13 .05 .07 

Fuel-air ratio 


(f) 2 -Hethylanieole. 

Figure 10. - Concluded. Fuel-air mixture response in 17.6 engine for first- six ethers in unleaded and 
leaded 10- and 20 -percent (volume) blends vith S reference fuel. Compression ratio, 7.0; speea, 

1800 rpm; sparfc advance, 30° B.T.C.; coolant, vater at 212 F. 
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